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Conceptual Implementation of a Photonic-Plasmonic 
Transistor onto a Structured Nano-Guided Hybrid System 


Giuseppe Emanuele Lio,* Josslyn Beltran Madrigal, Christophe Couteau, Sylvain Blaize, 


and Roberto Caputo 


The interplay between quantum emitters and plasmonic nanostructures can 
unlock unprecedented functionalities, potentially useful for novel-concept pho- 
tonics. Herein, the design and conceptual implementation of an integrated 
photonic-plasmonic transistor is reported. A mixed top-down and bottom-up 
nanofabrication approach is used to realize a prototype based on a nano-guided 
hybrid system enabling the interaction between gold nanostructures and emitters 
and thus resulting in a plasmon-exciton exchange. In analogy with a classical 
transistor (MOSFET), gold nanotapers (NTs) are fabricated in specific positions 
on a TiO; waveguide to behave as drain, source, and gate for highly localized 
electric near-fields. Photopolymerization by evanescent waves is then exploited to 
grow a polymeric ridge containing quantum dots directly on top of the NTs. The 
fluorescent spectroscopy of the prototype evidences a sensitive Purcell enhance- 
ment of the emission of the quantum dots located in proximity of the apices 
of gold NTs. The numerical study of the hybrid system demonstrates how this 


The requirement of faster bitrates recently 
brought the attention to integrated photon- 
ics with first attempts considering bandgaps 
in dielectrics to realize power amplifiers? or 
photonic crystals in cross-waveguide geom- 
etry resulting in all-optical transistors.P! The 
actual frontier in research is the implemen- 
tation of photonic-plasmonic hybrids as 
transistors that exploit near-infrared! ^!!! 
or (more rarely) visible radiation as a vector 
for signal transmission?! Such systems 
benefit from the confinement of high 
electric fields in small volumes typical of 
localized surface plasmons (LSPs) or surface 
plasmon polaritons (SPPs). First studies in 
this direction started with the realization 
of a PlasMOStor!!#! including source, drain, 


enhancement is controlled to efficiently route and modulate high-frequency 


optical signals in the novel photonic device. 


1. Introduction 


The continuous development of photonic and plasmonic solu- 
tions is increasingly influencing the downscaling of silicon-based 
devices to nanoscale features. Classical transistors! have 
been thoroughly studied achieving many improvements also 
through their hybridization with organic materials, ?! by exploit- 
ing conduction properties of carbon nanotubes"! or realizing 
them in very thin films of single-crystal oxide semiconductors.” 
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and gate, as in case of a classical (MOSFET) 
transistor/^! The state of the art of this 
kind of devices involves different aspects 
as ultrahigh bandwidth SPP-based informa- 
tion transfer?! and use of SPP optical 
nonlinearity for all-optical controll7-!?| Other aspects involve 
interactions related to strong and ultra-strong coupling of 
plasmon-photon systems"?! and coupling of single/multiple 
emitters with a waveguided mode. ^77 Under the powerful thrust 
of these results, quantum plasmonics”*) is achieving a rapidly 
growing interest focussing on the study the quantum properties 
of light and its interaction with matter at the nanoscale. The 
realization of guided geometries, combining plasmonic and exci- 
tonic systems, then assumes a very intriguing character under 
both a fundamental and applicative point of view. Indeed, while 
nanoemitters have been mainly used in the past for improving 
the performance of photodiodes,??! recent studies have success- 
fully demonstrated relevant results like control of the spontaneous 
emission of light in the presence of metal nanostructures?! 
and induced emission from quantum dots (QDs) by means of 
propagating LPSs.??! Apart from their dramatic fundamental 
content, these studies suggest novel possibilities for integrated 
plasmonic-photonic applications. The sustainability of these sys- 
tems for mass production has been demonstrated in both experi- 
mental? and theoretical studies.’ In this communication, 
we propose the conceptual design of an integrated novel device 
where a nano-guided hybrid system promotes the interaction 
between gold nanostructures* ^! and quantum emitters to enable 
a plasmon-exciton exchange procedure. For the design of the 
system, numerical calculations have determined the correct 
sizing of the involved components, whereas the fabrication of a 


© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 


ADVANCED 
SCIENCE NEWS 


hysica 
tatus 


www.advancedsciencenews.com 


proof-of-concept prototype is the result of combined top-down and 
bottom-up nanofabrication techniques.^?! A preliminary charac- 
terization of the realized system confirms the possibility to obtain 
an emission enhancement when the emitters are located in close 
proximity to plasmonic nanostructures. 


2. Device Design 


The goal of the proposed work is the conceptual design of a novel 
integrated device with functionalities as a photonic-plasmonic 
transistor (PPT). As shown in Figure 1, the PPT is composed 
by a glass substrate enclosing an ion exchange waveguide 
IEW)' able to propagate a “bias” signal to the main arm of 
a T-shaped TiO; waveguide. A funnel-shaped side-arm couples 
a “modulation” signal into the guide through a diffraction 
grating. The TiO; guide collects both “bias” and “modulation” 
signals and evanescently couples them to the quantum emitters 
QDs) and the metal nanostructures (triangular prism nano- 
tapers [NTs]) situated above the guide in specific positions. 
The system works as a logic operator that modifies the optical 
supply like the classical one would do with the electrical supply. 
Through the main TiO; arm, the “bias” signal is absorbed by a 
first quantum emitter (donor, D) that reemits it (at a longer wave- 
length) nearby the apex of the first of two NTs located at con- 
trolled base-to-base distance (Lj). These tapers are used to 
propagate the light emitted by D and thus behave as the optical 


Signal ep, 


Figure 1. Sketch of the photonic-plasmonic transistor (PPT). A glass sub- 
strate encloses an ion exchange waveguide used to propagate a “bias” 
signal to the main arm of a T-shaped TiO; waveguide. A funnel-shaped 
side-arm couples a “modulation” signal into the guide through a diffrac- 
tion grating. The TiO; guide collects both “bias” and “modulation” signals 
and evanescently couples them to the quantum emitters (QDs) and the 
metal nanostructures (triangular prism NTs), situated above the guide in 
specific positions. Through the main TiO, arm, the “bias” signal is 
absorbed by a first quantum emitter (donor, D) that reemits it (at a longer 
wavelength) nearby the apex of the first of two NTs, located at controlled 
base-to-base distance. These NTs propagate the light emitted by D, 
thus behaving as the optical “source” of the PPT. A second emitter 
(acceptor, A), positioned at the apex of the second taper, gathers the 
intense electric near-field in the hot-spot of the taper and reemits it to 
a third taper acting instead as the “drain” of the PPT. Finally, the signal 
coming from the side TiO; arm and passing through the taper orthogonal 
to the other ones is used to modulate the “bias” signal. For its specific role, 
the side taper performs the function of the “gate” of the PPT and plays a 
fundamental role to achieve a typical MOSFET functionality. 
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“source” of the PPT. A second emitter (acceptor, A), positioned 
at the apex of the second taper, gathers the intense electric 
near-field in the hot-spot of the taper and reemits it to a third 
taper acting instead as the “drain” of the PPT. Finally, the signal 
coming from the side TiO; arm and passing through the taper 
orthogonal to the other ones is used to modulate the “bias” 
signal. For its specific role, the side taper behaves as the “gate” 
of the PPT and plays a fundamental role to achieve a typical 
MOSFET functionality. 


2.1. Design of the Photonic—Plasmonic Transistor 


The first aim of the theoretical study is the correct sizing of 
the TiO, waveguide to select a single mode propagation. ^-^! 
Finite element method (FEM) simulations have been performed 
to obtain optimal values for thickness (H) and width (W) of 
the dielectric waveguide. The presence of a single mode is 
assured by H=150nm and W=500nm, convenient enough 
values for the nanofabrication. Regarding the polarization of 
the confined light, past studies demonstrate that the best propa- 
gation is observed in case of transversal magnetic polarization. In 
the same study, the simulation is reported for choosing the fea- 
tures of the single NT (thickness = 50 nm, width = 250 nm, and 
length = 750 nm)'**! (insets in Figure 2b). Following this prelim- 
inary design step, the overall functioning of the prototype is 
considered. For this reason, the donor, simulated by an oscillat- 
ing dipole and placed on top of the TiO; waveguide, emits the 
“bias” signal passing through the “source” (base-to-base) NTs. 
By normalizing the power of the signal transmitted by the first 
NT (Figure 2a, white dashed line) with the power emitted by the 
donor, it is possible to calculate the efficiency of the device. 
According to the numerical simulations, the efficiency is evalu- 
ated as the ratio between the absorbed power and the total power 
sent through the NTs. 

The efficiency of the device is optimized by varying the 
base-to-base (Lb) and apex-to-apex (Laa) NTs gaps (Figure 2a). 
Numerical simulations demonstrate that the best efficiency value 
(close to 60%, Figure 2b) is obtained when both gaps are zero, as 
in a typical bowtie configuration.?9?! In the real experiment, it 
has been chosen Ly, = 0 nm and Laa = 50 nm. The choice for Laa 
results in a twofold advantage. First, this value is close to the low- 
est limit for lithography; second, the apex-to-apex gap represents 
a useful host site for the acceptor (A). On the contrary, the inter- 
action between nanoemitters and SPPs depends on the distance 
from the emitter to the plasmonic structures. Barnes et al.51) 
show the results for the coupling between a dipole and SPPs. 
The plots reported in ref. [48] show the fraction of power dissi- 
pated into different decay channels related to the orientation of a 
dipole and the dipole-metal distance. For small distances 
(generally shorter than 40 nm), the dipole is mainly coupled to 
lossy waves. At this scale, the transfer of energy from the dipole 
to the metal nanostructures can generate an electron-hole pair 
and this energy can be dissipated by the metal. Noteworthy, even 
with Laa — 50 nm, the efficiency results in a 40% value. In the 
numerical simulations, an estimated input (optical) power of 
1mW is used as “bias” signal. This input power is enough to 
excite the first QD (the donor, D), and then the signal travels 
through the whole system until it reaches the acceptor A. 
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Figure 2. Sketch of the geometry used to simulate exciton-plasmon 
exchange processes as a function of size and relative distances between 
NTs. a) On the main arm are situated three NTs; in the simulation the 
signal goes through the first two NTs and it is collected in the absorption 
"box," where the acceptor should be positioned; b) the graph shows the 
efficiency when the distances Laa and Ly, between the NTs change. The 
two insets depict the single mode propagation inside the TiO; waveguide 
(top), and with the gold NTs placed on top of it (bottom); c) the electric 
field map shows the light propagation from "source" to "drain." The 
numerical simulation is performed by considering a single emitter in 
the position of the donor and studies how both emitted light and SPPs 
propagate through the system arriving in each considered position: accep- 
tor site, apex of the "gate" NT, and "drain." 


For modulating the *bias," another signal (also 1 mW power) is 
sent from the extra-arm. About the estimation of the efficiency of 
the device, this is in the *upper" state when the sum of *bias" and 
“modulation” signals overcomes the 40% of 2 mW (0.80 mW). 
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The device is in the “lower” state in the opposite case 
(under 40% of 2 mW). Simulations also highlight the interplay 
between deterministic sources and plasmonic nanostruc- 
tures,^?53l and reveal the physical mechanisms responsible of 
the whole PPT device functioning. As shown in Figure 2c, by 
evanescently exciting the donor with light coming from the 
TiO; waveguide, an exciton-plasmon transfer mechanism takes 
place that allows the signal propagation from D to A, through the 
(base-to-base) NTs. The figure shows the field map of the whole 
device under an ideal emission from the nanoemitter (D) 
involved in the system at the apex of the “source.” In fact, the 
evanescent wave propagates along the NTs edge arriving in each 
considered position as the acceptor site (A), the apex of the "gate" 
and the “drain” output site. At this point, the “bias” signal, 
absorbed and reemitted by A, is collected by the apex of the fol- 
lowing “drain” NT. By considering the several energy exchange 
processes involved, we can suppose that only a fraction £D of the 
original *bias" signal arrives to the drain. In a typical transistor 
analogy, the modulation of the "bias" signal is achieved by pump- 
ing the QD A through the *gate" NT (side-arm waveguide). As 
already anticipated, the “modulation” signal is dispatched to this 
NT when the corresponding waveguide is illuminated through 
the diffractive coupler. The sketch in Figure 1 shows a modulated 
signal at the end of the “drain” base where the lower state “0” is 
only represented by £D, whereas the upper state “1” is given by 
the sum £D + £A. This can be obtained by switching “on” and 
“off” the light pumping on the “gate” that results in a control 
of the optical signal between upper and lower states at very high 
rates. The best coupling efficiency between nanoemitters and 
plasmonic structures is numerically studied by varying the size 
of each considered element, thus finding the best value. In doing 
so, we have used the overlap integral that represents the energy 
transfer from a mode 1 to a mode 2, as reported in the following 
equation: 


(1) 


i 1 Re( A ee em) 


m J, Ey x Hy *-3dA 


where y is the correlation coefficient, E, and H, correspond to 
the electromagnetic field of the mode 1 and E, and H; for the 
mode 2, A is the area of the mode, and Po is the mode power. 
Finally, the spontaneous emission (SE) rate has been derived 
from the Purcell factor (PF) for nanostructured cavities.P^! 
The SE evaluation plays a fundamental role in this kind of device; 
in fact, it establishes the limit that inhibits the emission. Here, 
the considered equation is 


=e Q) 


„Max 
YSE 


that ensures the maximum of the spontaneous emission 
from the nanoemitters placed in the nanocavity (the cross of 


the NTs). Here, yọ = 1/r and r are typically of the order of 
100 x 10-?s. 


2.2. Fabrication of the Photonic-Plasmonic Transistor 


The realization of the prototype is the result of a mixed top- 
down and bottom-up approach performed in an addictive 
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Figure 3. Picture of the actual prototype realized by EBL and PVD. a) By observing the whole system from the top, it is possible to distinguish the TiO; 
waveguide realized above the IEW, the gold diffractive coupler, and the NTs; b) a zoom-in of the core of the device; and c) detail of the distances between 


the side NT and the apex-to-apex NTs. 


manufacturing scheme. A first top-down procedure, electron 
beam lithography (EBL) and physical vapor deposition (PVD), 
is devoted to the nanofabrication of the T-shaped TiO, wave- 
guide (150 nm thickness) (Figure 3a). The substrate of the pro- 
totype is a glass slab comprising an ion-exchange waveguide 
covered by the main arm of the TiO; waveguide. Following 
the TiO; waveguide fabrication, a top-down fabrication step 
EBL) realizes the gold NTs (“source,” “drain,” and “gate” of 
the PPT) and the gold grating exploited as in-coupler for the 
"modulation" signal. After the EBL procedure, PVD is utilized 
in two consequent phases: the deposition of an SiO, adhesion 
ayer (30nm thickness) and an gold layer (50 nm thickness) 
Figure 3b,c). After a final lift-off step, most part of the fabrica- 
tion of the integrated device is done except for the positioning of 
the quantum emitters. This phase requires particular attention 
ecause the emitters need to be located in close proximity of the 
NTS apices. 

Indeed, this is the most delicate part of the fabrication 
procedure because these (ideally) single emitters are responsi- 
ble of the exciton-plasmon exchange fundamental for the 
device functioning. An effective bottom-up approach to chal- 
enge this difficulty is to adopt a process of nanophotopolyme- 
rization by evanescent waves (PEW).5?59 In detail, a very thin 
ayer of a photoresin grafted with QDs (CdSe) is cured directly 
on top of the main arm of the TiO; waveguide. In this process, 
the light channeled into the IEW couples with the TiO? wave- 
guide and generates evanescent waves at the interface between 
TiO; and the photoresin layer. The curing of the QDs-doped 
photoresin, due to highly localized near-fields of the evanescent 
waves, precisely carves a polymeric ridge of few nanometers 
thickness in the liquid photoresin. The photoresin utilized in 
the experiment is a mixture of polymer PETA (pentaerythritol tri- 
acrylate) + 4 wt?6 of MDEA (methyl diethanolamine) + 0.5 wt% 
of Eosin Y + 1 wt% of CdSe nanocrystals. It absorbs visible light 
in a range from 400 to 540 nm, with a peak at 530 nm, and emits 
light at 590 nm. The technique allows realizing polymer ridges 
containing nanoemitters with a restrained thickness as low as 
18 2nm.P7l 
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3. Characterization and Discussion 


The ideal design of the PPT predicts the presence of determin- 
istic sources in proximity of the NTs apices, performing as donor 
and acceptor (Figure 1) of the *bias" light signal. The result ofthe 
PEW nanofabrication experiments is a polymer ridge containing 
QDs and covering the whole main arm of the device. This result 
is actually the first step toward the realization of a working PPT. 
However, it represents a valuable workbench to study the modi- 
fication of the plasmon-exciton interaction in different positions 
along the ridge. Indeed, a sensitive enhancement of the output 
fluorescence emission intensity is expected in those points of the 
ridge where deterministic sources are located in close proximity 
to plasmonic tapers. In that case, the huge amount of light local- 
ized to extremely small volumes by the plasmonic nanostructures 
is strongly absorbed by the QDs. A better physical insight of this 
phenomenon is provided by the PF of the system or how the 
emission properties of quantum sources are modified by their 
surrounding environment. As shown in previous studies, the 
PF of a single quantum emitter is written asP?! 
P E/C E h 


=—= -———— =14 
P» EJC ES m U^ 3 


where P is the power emitted by the dipole source (590 nm) and 
Po is instead the laser power used to excite the system (400 nm). 
In our case, we expect a somehow higher value because the pho- 
topolymerized ridge contains several QDs combined with the 
Eosin Y dye material that together produce a multiexciton emis- 
sion.P?! Moreover, the particular geometry designed for the PPT 
includes NTs, as plasmonic enhancers, that can strongly influ- 
ence the output signal intensity.©°*"! To verify the validity of this 
description, fluorescent spectroscopy experiments have been 
performed on the fabricated sample. In particular, emission 
spectra have been acquired in three different points (Figure 4a): 
exactly in correspondence of the NTs (blue circle), on the bare 
TiO; waveguide (green circle), and finally on the IEW (red circle). 
In the experiment, a blue laser (4 = 405 nm) is used to excite the 
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Figure 4. Fluorescent spectroscopy experiments performed on the 
realized device. a) The QDs-doped ridge, fabricated by nanophotopoly- 
merization by evanescent waves onto the main arm of the TiO; wave- 
guide, is depicted as a red layer. The three circles of different color 
represent the areas analyzed by confocal microscope to collect the emis- 
sion from nanoemitters; b) the graph shows the emission in three dif- 
ferent cases: close to NTs (blue line); exactly on the TiO? waveguide 
(green line); and on the IEW (red line). The two mains peaks in the graph 
correspond to the Eosin Y emission at 545 nm and the CdSe QDs emis- 
sion at 590 nm. 


QDs, and the emission signal is collected by a confocal micro- 
scope equipped with a fluorescent spectrometer. Figure 4b shows 
the comparison of the spectra acquired in different points of 
the sample. The emission intensity undergoes a considerable 
increase when the signal is acquired in proximity of the gold 
nanostructures with a value that is double of the one measured 
on the bare IEW. 

The obtained result represents the first possibility to imple- 
ment a multiband photonic structure using waveguides, plas- 
monic gold nanostructures, and nanoemitters. Several numerical 
simulations have been performed (Fullwave FDTD by RSoft) to 
demonstrate the performance of the realized prototype in terms 
of output power and modulation frequency. In the simulations, 
the geometric parameters of the realized prototype have been 
utilized (Lj, = 150nm and Lj, = Onm) that, according to the 
surface of Figure 2b, provide an overall output power efficiency 
of about 1096. In a first simulation, a single dipole source is used 
to model the donor (D) emitting the *bias" signal that propagates 
through the NTs and is finally collected as an output signal at 
the drain taper. As explained earlier, the output signal is only 
a fraction £D of the original bias signal (1 mW) that is attenu- 
ated by energy exchange processes and intrinsic plasmonic 
losses of the tapers (blue line in Figure 5). The second simula- 
tion involves two dipole sources, respectively, located in the 
position of the donor (D) and the acceptor (A). In this case, 
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Figure 5. The modulation of the output power according to the numerical 
simulations. The blue line shows the output signal (£D) when the donor 
only is on; the red line displays the sum output £D + CA when both donor 
and acceptor are on; the dashed green line is the output modulation when 
the acceptor is periodically switched on and off. The modulation increases 
the output power from the 296 to1096. 


the output signal is the combination of donor (£D) and acceptor 
(£A) contributions (red line in Figure 5). The third simulation 
takes into account the donor as always on and a modulating 
behavior for the acceptor with on-off periodic intervals of about 
10 ns. The result of this simulation is the dashed green line 
in Figure 5. Due to the on-off switching of the gate signal 
(acceptor), the (green) line is modulated by very short rise 
and fall times (few ns) that reflect the possibility to control 
the optical signal at very high-frequency rates. For what con- 
cerns the output power, the modulation increases the output 
power from the 2% to the 10% that, considering an initial equal 
power of 1 mW for both donor and acceptor, corresponds to 
estimated ¢ = 0.2 and ¢ = 0.8. 


4. Conclusions 


In this work it has been presented the conceptual realization of a 
hybrid device exploiting principles of photonics, plasmonics, 
nanoelectronics, and nanooptoelectronics. After the design of 
the device, an additive manufacturing procedure including stan- 
dard nanofabrication (e-beam lithography) and nanoemitters 
positioning by evanescent wave photo-polymerization was neces- 
sary for its realization. QDs have been dispersed in a tiny poly- 
meric ridge extending along the whole device area. This is not yet 
the aimed result though represents a helpful workbench to test 
the Purcell emission enhancement of QDs located in proximity 
of plasmonic nanostructures. To theoretically verify the function- 
alities of the device in analogy to a classical transistor, FDTD 
numerical simulations have been performed whose results 
demonstrate the high-frequency modulation of the optical signal 
output from the device. Overall, the conceptual study provides 
a useful insight on the design and production of an integrated 
circuit able to work in the visible range. 
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